• Blood flow in the testis has received very little attention although in eutherian species that have scrotal testes the internal spermatic or testicular artery has many unusual features. It is long and unbranched within the abdomen but is coiled to varying degrees in its extra-abdominal course. 1 -2 In the sheep the artery is 2 to 4 metres long and its coils are compressed into the 10 cm length of the spermatic cord. Under the tunica albuginea the vessel is thin-walled, elliptical in cross section and the flow within it is pulseless. 3 As the multiple veins of the pampiniform plexus are closely applied to the artery, they accept the pulse transmitted from its proximal coils. This vascular arrangement acts as a counter-current heat exchange system 4 
"
6 in the dog and sheep. The smaller vessels of the testis also present unusual features. There is evidence that the arterioles are incapable of dilating in response to heat. 7 Testicular capillaries seem to be more than usually permeable to large molecules 89 and are peculiarly susceptible to damage by cadmium salts. 10 It might therefore be anticipated that the nutrient or capillary blood flow would be of interest.
This paper describes nutrient blood flow in the testis measured by the krypton 85 (Kr 85 ) clearance technique, which has been used previously to study nutrient blood flow to organs such as brain, 11 ' 12 heart, 13 kidney 14 and skin. 15t 10 The present results are of importance in the general application of the technique, and outline the response of the vascular bed in the testes of conscious rams to elevated temperatures and to locally infused drugs. were introduced with aseptic precautions into the testicular artery in its course under the tunica albuginea either by a technique previously described 17 or by a modification of this technique ( fig. la and b) . The catheter was brought subcutaneously to a point lateral to the anus.
To check that the catheter was properly positioned, an X-ray photograph was taken of the testis during the injection of 2 to 4 ml of radioopaque material (Urografin, 60 or 76%, Schering Mng. Company Ltd.) through the catheter. The radiograph showed the point of insertion of the catheter, the end of the catheter and the blood vessels of the testis (figs. 2A, B, and 3A). In the blood flow studies it was essential that all the Kr 85 be injected intravascularly and the radiographs were used to ensure that no leakage occurred where the catheter pierced the artery wall. The profile of the testis allowed its volume and therefore its weight to be estimated from measurements of its diameters and by assuming that it was a prolate spheroid. 18 The catheter was flushed each day with heparin (0.5 ml 3000 I.U./ml, Boots). Measurements of blood flow were made as early as 24 hours after the insertion of a catheter and were continued for up to four months.
Radiographs of testes following the injection of radioopaque material into the testicular artery through an end-hole catheter (C)
.
MEASUREMENT OF BLOOD FLOW
An insulated copper chamber enclosing the scrotum was supported by a harness (fig. 4) . Because of the known effect of posture on testicular blood flow, 19 the rams were trained to wear the harness without restraint while standing in a metabolism cage ( fig. 4) . Some experiments were done on animals anesthetized with intravenous pentobarbitone sodium and supported on a stretcher in as normal a position as possible. The rams were covered by a polyethylene tent and the expired air was removed by an exhaust fan.
A scintillation probe with a 5 cm sodium iodide crystal was inserted through an adjustable collar in the wall of the chamber so that the crystal pointed at the testis to be studied. The output from the probe was led into a linear ratemeter, and continuously recorded on a single pen potentiometric recorder (Leeds and Northrup). Two hundred and fifty to one thousand microcuries of Kr 85 in 0.5 ml saline (0.9% NaCl) were injected into the catheter and washed into the artery with 0.5 ml of saline. This introduced enough radioactivity into the testis to allow continuous recording for 40 to 50 minutes until the counting rate had fallen to 2 to 3 times background rate. To see whether the technique could be used without inserting an arterial catheter, 0.1 ml of saline containing Kr 85 was injected, through a 26 S.W.G. hypodermic needle into the substance of the testis of conscious and anesthetized rams. The injections were made as close as possible to the centre of the testis from either the anterior or posterior scrotal surfaces. Sometimes multiple injections (up to 4) each of 0.1 ml were made into different sites in the testis from the same point of insertion through the skin.
CONTROL OF TESTICULAR TEMPERATURE
Air at a controlled temperature was circulated through the chamber, and the temperature of the wall of the chamber could be changed by circulating water through a heating coil on the outside ( fig. 4 ). By these means, the temperature of the testis was raised to rectal temperature at the rate of 2°C/10 min." Temperatures were recorded by 38 S.W.G. copper-constantan thermocouples on a potentiometric recorder (Leeds and Northrup, "Speedomax G"; 1 mv full scale deflection). Rectal temperature was recorded at a depth of 10 cm by a thermocouple in the tip of a polyethylene tube; deep testicular temperature was recorded from the uncatheterized testis by a thermocouple in the tip of a 20 S.W.G. hypodermic needle.
CALCULATION OF RESULTS
Radioactivity in the testis was plotted against time on semilogarithmic graph paper. It is known Circulation Research, Vol. XVIII, June 1966 that the recirculation of krypton is small, 20 and if it is assumed that the equilibration of krypton between blood and tissue is rapid, 21 the rate of loss of krypton from the testis depends upon its nutrient or capillary blood flow.
The half-time of this disappearance is related to flow by the formula 13 
F =^0
.693 tu, where F is the flow in ml/g/min, t^ is the half-time and X is the partition coefficient between tissue and blood, i.e., the ratio of the concentration of the isotope per unit weight of tissue to the concentration of isotope per unit volume of blood.
Partition Coefficient Between Testis and Blood
This was determined in two rams which were anesthetized with pentobarbitone sodium. A polyethylene catheter (2 mm I.D. and 3 mm O.D.) was inserted into one femoral artery and the tip was advanced until it lay in the abdominal aorta at about the level of the internal spermatic arteries. Another catheter (1 mm I.D. and 1.5 mm O.D.) was inserted into the carotid artery and the tip advanced to lie in the left ventricle.
Physiological saline containing Kr 85 (500 fj,c/ ml) was infused into the catheter in the left ventricle at the rate of 0.25 ml/min for 75 minutes. Air was drawn past the end of the endotracheal tube to minimise rebreathing of Kr 85 . Blood was taken every 15 min from the abdominal aorta near the origin of the internal spermatic arteries. Samples were collected in syringes and 10 ml injected under 3 ml paraffin oil in glass vials (total volume 15 ml) which were sealed immediately with a flame. The radioactivity in these samples was counted to ensure that equilibrium conditions had been reached. At the end of the infusion the animal was killed with an overdose of pentobarbitone sodium. The testes were quickly removed, weighed and placed in tins containing enough molten paraffin wax (M.P. 40 to 45°C) to cover the testis. The wax was cooled and the tins sealed by soldering to minimise loss of Kr 85 . All samples were counted in a y counter with 4 IT geometry (Armac).
DRUGS
Acetylcholine,* epinephrine,t norepinephrine,t isoproterenol.i and phenoxybenzamine** were *Acetylcholine chloride, British Drug Houses, t Adrenaline bitartrate, British Drug Houses. tNoradrenaline bitartrate, Sterling Pharmaceuticals.
§Isopropyl noradrenaline hydrochloride, Sterling Pharmaceuticals.
••Phenoxybenzamine, Smith, Kline and French.
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used. All drugs were made up immediately before use. Acetylcholine and phenoxybenzamine were dissolved in physiological saline, the catecholamines in physiological saline containing 0.03% ascorbic acid. Intra-arterial infusions of the drugs (for doses see fig. 9 ) and control infusions were arranged as follows. After a dose of Kr 85 , saline, or saline and ascorbic acid were infused (0.25 ml/min) into the artery with a continuous infusion pump (Palmer, London). After a second dose of Kr 85 , or occasionally during the disappearance of the first dose, the saline infusion was replaced by the infusion (0.25 ml/min for 20 min) of the appropriate quantity of drug dissolved in saline. The phenoxybenzamine was given as an infusion (3 mg in 6 minutes) after the radioactivity from the first dose of Kr 85 had fallen to about twice the background rate. The second dose of Kr 84 was then injected. Saline (with 0.03$ ascorbic acid) was infused at a rate of 0.25 ml/min during the clearance of these two doses of Kr
85
. A third dose of Kr 85 was then given and followed by an infusion of epinephrine.
Results

PARTITION COEFFICIENT OF Kr" BETWEEN TESTIS AND BLOOD
The concentration of Kr 85 in the arterial blood in samples taken after 15, 30, 45, 60
and 75 min of infusion did not vary significantly. The mean value for the partition coefficient of Kr 85 between testis and blood was 0.85 ± 0.03 (standard error of mean; four observations). This value has been used for calculating blood flows from half times of the clearance curves.
GENERAL CHARACTERISTICS OF TESTICULAR BLOOD FLOW
The point of insertion of the catheter into the testicular artery ensured that the Kr 85 injected entered only the testis. Kr 85 disappeared from the testis in a simple exponential manner in all rams, provided the catheter was newly inserted and there was no evidence of a leak at the point of insertion of the catheter into the artery. Such leaks were more common with side-hole catheters. The form of the disappearance curve was unaffected by the infusion of saline into the testicular artery; (figs. 5 and 6) and it was possible therefore to do experiments in which drugs were infused directly into the testicular artery. The mean half time of 66 clearance curves obtained from 11 conscious rams was 7.1 min- (M   =7-5MIN   IO  2O  3O  4O  SO  6O  O  IO  2O  3O 4O SO TIME (MIN)
FIGURE 5
The As for figure 5 but with a physiological saline infusion (0.25 ml/min) continued after the injection of Kr ss in saline.
utes, which corresponded to a flow of 8.4 ml/100 g/min. (standard deviation between rams 2.4; standard deviation of estimates on individual rams 2.1). The weight of each testis was about 200 g, so the total flow was about 17 ml/min. A second slower component of the disappearance curve was present if there was a leak around the point of insertion of the catheter ( fig. 7 ) and sometimes when the catheter had been in place for several weeks. When this component was subtracted by back-extrapolation, a single straight line was obtained with a similar half time to that observed previously. However, the animals were discarded when this slow component appeared. Testicular blood flow was less in anesthetised rams (6.7 ±0.50 ml/100 g/min in 16 estimates) and tended to fall further after 4 to 5 hours of anesthesia.
Effect of Heat
Testicular blood flow was not altered during the period when deep testicular temperature Circulation Research, Vol. XVlll, June 1966 was being raised from the normal range of between 32 and 34°C to 40°C ( fig. 8 ).
Effect of Acetylcholine
In three experiments, acetylcholine infused at the rate of 12 fig/min intra-arterially was without effect on testicular blood flow. In eight experiments acetylcholine infused intraarterially at 200 /u.g/min produced either no change in four experiments; or a small increase in four experiments ( fig. 9 ).
Epinephrine
Blood flow decreased during intra-arterial infusions of epinephrine at a rate of 1 /xg/min in experiments in three conscious rams, and, in two of these, blood flow stopped completely. The responses to infusions of 0.1 fig/min were more variable but blood flow decreased if there was any change at all ( fig.  9 ).
Smaller responses were seen when epinephrine was infused into the testicular artery of anesthetised rams. However, in one animal /u,g/min were more variable; there was either no change or a decrease ( fig. 9) infusions of epinephrine (0.1 and 0.3 /Ag/min for 10 min each, 1 fig/min for 5 min) during 5 hours' anesthesia was followed by almost complete stoppage of blood flow which was found to persist for at least four days and was also observed by X-ray photographs (fig.  3B) ; the testis was noticeably smaller 4 days after the experiment, and did not regain its normal size.
When phenoxybenzamine was infused into the testicular artery for six minutes in three experiments on conscious rams, there was no change in blood flow during the next hour; infusion of epinephrine (1 /xg/min) immediately afterwards did not affect blood flow in two experiments although in the third, blood flow almost stopped ( fig. 9 ). fig. 9 ).
Intratesticular Injections of Kr"
The clearance curve of krypton introduced by direct injection into the testis from the anterior surface (i.e., the side away from the scintillation crystal) showed a small very fast component and was followed by a linear component with a half-time characteristic of intra-arterial injections. When krypton was injected from the side near the crystal there was a delay before the radioactivity began to decrease but thereafter the rate of loss was Effects of infusions of drugs into the testicular artery on testicular blood flow. 
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this may be true for some tissues it is evidently not a valid generalisation. Therefore while the alternative methods of calculation suggested by Zierler 22 do extend the scope of the method in tissues with nonuniform blood flow, it is valid to use the original method of calculation 13 for the testis. The results from the experiments with Kr 8i in the testis indicate that blood flow is uniform throughout the tissue. This supports earlier findings with the indicator fractionation technique 23 and it appears therefore that the testis resembles the myocardium 13 and differs from the kidney, 14 skin 15 ' 1(1 and muscle (unpublished data) in which areas of high and low flow exist. In the testis of the ram, the endocrine interstitial tissue comprises only a small, uniformly distributed fraction and may still have a different flow without this being apparent from the curves. The values for blood flow obtained with this technique agree with estimates made with tritiated water using the Fick principle 19 and with the indicator fractionation technique. 23 The results with the intra-arterial injection of Kr 83 are supported by those with intratesticular injection, thus considerably widening the scope of the method. The small early loss of Kr 85 seen when the injection is given from the side opposite to the detector is almost certainly due to leakage of the gas down the needle track away from the detector with consequent alteration in the geometry of the counting system. The opposite effect, namely a flattening of the early part, is seen when the injection is given from the same side as the detector. The production of complex curves by movement of gas down the needle track and from leakage around the side-hole catheters emphasises the need for caution in interpretation of the shape of the curves. It was also the main reason for the change to the end hole catheter.
The apparent uniformity of flow has meant that almost continuous recording of testicular blood flow can be achieved and has greatly facilitated studies on the effects of drugs on the testicular blood vessels. Doses of acetylcholine (12 /ig/min) which caused marked increases in blood flow through the forearm 24 where total blood flow is also about 20 ml/ min had no effect on testicular flow; large doses (200 /Ag/min) produced only slight and variable increases. It should be emphasised that these measurements involve nutrient blood flow and do not include flow through anastomoses. This may be important because it has been suggested that acetylcholine causes increases in anastomotic flow in the forearm with no effect on nutrient flow. 25 ' 20 In contrast to acetylcholine, infusions of epinephrine and norepinephrine into the testicular artery caused vasoconstriction. The doses of epinephrine were calculated to produce physiological concentrations in the arterial blood reaching the testis 27 and did not cause significant changes in blood pressure or heart rate (unpublished observations). The doses of epinephrine and norepinephrine were similar to those that produce physiological effects in the forearm. 28 ' 2i) Sympathetic and adrenal medullary control over testicular vessels were previously demonstrated by changes in tissue oxygen tension after sympathetic stimulation and the administration of catecholamines. 30 The vessels of the mammary gland are also particularly sensitive to epinephrine. 31 ' 32 The increased blood flow during isoproterenol infusions suggests that /? receptors are present in the testis, although the increases are not as large as the four to fivefold increases observed during the intra-arterial infusion of a similar concentration in the human forearm. 3334 Infusions of isoproterenol and changes in posture of the animal 19 are the only maneuvers that have so far been shown to increase testicular blood flow in the ram.
A lack of resting sympathetic tone in the testicular vasculature was suggested by the observation that the flow of blood through the testis was unaffected by phenoxybenzamine in amounts that are known to block a receptors in the forearm. In one of the three experiments, however, the blockage of a receptors in the testis was not complete as an infusion of a large dose of epinephrine still caused a fall in blood flow. The unresponsiveness of the testicular vascular bed to heat is remarkable; testicular blood flow does not change during a rise in testicular temperature of 5 to 6°C, the usual rectal-testicular difference in the ram. It was previously shown that total venous outflow from testis and epididymis did not change when the testes were kept at body temperature for two hours" but the possibility remained that arteriovenous anastomoses, which were open at lower temperatures, closed when testicular temperature rose and increased capillary flow to the testis without altering total outflow. This possibility is now excluded. Among peripheral vascular beds of somatic rather than visceral origin, (e.g., forearm muscle and skin) blood flow increases with increased temperature. 35 Conversely, when visceral organs normally at deep body temperature, are cooled to the range usually found in the sheep's testis, their blood flow decreases. This has been shown for brain, 30 ' 3h eart, 38 "" 40 kidney, 41 ' 42 splanchnic area 43 and adrenal. 44 ' 45 However, species differences may exist for there is evidence in the rat that testicular blood flow increased at temperatures higher than body temperature (unpublished ).
Oxygen uptake by the testis of the ram increases with temperature, 7 so it cannot be postulated that testicular blood flow remains unchanged because there is no metabolic stimulus for it to increase. Indeed, the resultant hypoxia may be responsible for the damage to spermatogenesis caused by heat." Nevertheless it appears from this investigation that the blood vessels of the testis of the ram can permit only small increases in blood flow. Compared with blood flow in other organs, blood flow through the testis is low in relation to its rate of oxygen uptake, and the normal oxygen content of spermatic venous blood is also low. 10 The testis is therefore threatened with hypoxia whenever its metabolic rate is increased. into the testis, and the radioactivity in the testis measured by external monitoring with a scintillation detector. The disappearance of Kr 8i from the testis followed a single exponential curve during a fiftyfold decrease in radioactivity and showed no delay before beginning to fall. The partition coefficient for Kr 8i between testis and blood was 0.85. The mean nutrient blood flow through the testes of 11 conscious rams was 8.4 ml/100 g/min (66 observations; standard deviation between rams 2.4; standard deviation of estimates on individual rams 2.1).
Testicular blood flow was reduced by intraarterial infusions of epinephrine or norepinephrine, practically unaffected by acetylcholine, and increased by isoproterenol. Testicular blood flow was not changed by raising deep testicular temperature from the normal range (32 to 34°C) to body temperature (39 to 40°C). These results are discussed with a view to explaining, in vascular terms, the damage to spermatogenesis caused by elevation of environmental temperature.
